ISCHEMIC PRECONDITIONING (PC) is a phenomenon whereby exposure of the myocardium to a brief episode of ischemia and reperfusion reduces tissue necrosis during a subsequent sustained ischemia (36) . PC has also been shown to induce delayed phase of protection that appears 24 h later, a phenomenon termed as the "second window of protection" or late PC (25, 29) . The mechanism(s) of late PC is not clearly understood, although a number of receptors (41) and intracellular signaling pathways such as protein kinase C (PKC) (4, 24, 51) and tyrosine phosphorylation (19, 40) have been identified as being the essential components of the cardioprotective effect.
Recent evidence suggests that opening of the ATPsensitive K ϩ (K ATP ) channel mediates the late phase of ischemic protection induced by PC (7), heat stress (18, 43) , and pharmacological agents such as adenosine agonist (5, 8) , opioids (14) , and monophosphoryl lipid A (13, 20, 33) . In addition, late PC is also accompanied by increased expression of the 72-kDa heat shock protein (HSP72) (29) . Several studies suggest that overexpression of HSP72 induces a cardioprotective effect (30) , although its direct cause-and-effect relationship in the development of late PC remains uncertain (45) . Because increased expression of HSP72 and activation of K ATP channel appear to be the downstream final events in late PC, we hypothesized that a common signaling pathway may mediate these effects. Accordingly, the goals of the present study were 1) to demonstrate whether the activation of tyrosine kinase (TK) signaling with PC is related with the opening of the K ATP channel (the shortening of action potential duration; APD) and expression of HSP72 in the heart and 2) to show whether the cardioprotective effect of late PC is abrogated by genistein, the inhibitor of receptor TK. Using our in situ rabbit model of myocardial infarction, we demonstrated that genistein blocked APD shortening during sustained ischemia, diminished the expression of HSP72, and blocked the delayed cardioprotective effect of PC.
METHODS

Animals.
Male New Zealand White rabbits (2.8-3.3 kg) were used for the studies. The rabbits were supplied by the Prince Rabbitry (Oakhill, WV) or the Blue and Gray Rabbitry (Unionville Lane, VA). The animals were allowed to readjust to the new housing environment for at least a week before the experiment. Animals were cared for and used in accordance with the guidelines of the Committee on Animals of Virginia Commonwealth University.
Experimental protocol. The rabbits were randomly assigned into one of the following six groups (Fig. 1) . Group I (control) underwent 30 min of left anterior descending coronary artery (LAD) occlusion followed by 3 h of reperfusion (I/R). Group II are sham-operated animals. Because the surgical intervention itself can potentially induce modified infarct size, sham-operated animals were also used as controls. The chest was opened for the duration of PC protocol on day 1 and then closed. Twenty-four hours later, the chest was reopened and the animals were subjected to I/R protocol as in group I. Group III are sham rabbits (as in group II) that received genistein (Ge, 1 mg/kg ip; Research Biochemicals) 30 min before the surgery on day 1. Twenty-four hours later, the animals underwent I/R protocol as in group I. In group IV (PC), PC rabbits underwent a sequence of four cycles of 5 min of LAD occlusion and 10 min of reperfusion 24 h before the I/R protocol as in group I. Group V (Ge-PC) rabbits underwent the same protocol as in group IV except that the animals were injected with genistein 30 min before PC. Group VI (Veh-PC) rabbits received vehicle (Veh; 1% DMSO in saline) 30 min before PC. For measurement of HSP72, three hearts from each of the sham, Ge-PC, and PC groups were collected on day 2 just before initiation of prolonged I/R protocol. For positive control, three additional animals were subjected to whole body hyperthermia by raising of the temperature to 42°C for 15 min 24 h before death, as described previously (19) .
Surgical preparation. The animals were anesthetized with an intramuscular injection of ketamine-HCl (35 mg/kg) and xylazine (5 mg/kg). Further injections of ketamine-xylazine were given as needed throughout the surgical procedure. All surgical procedures were performed under sterile conditions. Arterial blood gases and pH were measured during the experimental protocol to ensure proper physiological respiration during the experiment. The chest was opened by a left thoracotomy in the fourth intercostal space, and the pericardium was opened to expose the heart. A 5-0 silk suture with an atraumatic needle was then passed around the LAD. The snare was pulled and then fixed in place with a hemostat, thus inducing regional ischemia. Myocardial ischemia was confirmed visually in situ by regional cyanosis, S-T segment elevation/depression or T wave inversion, hypokinetic movement of the myocardium, and relative hypotension. The details of the surgical procedures have been reported previously (7) .
Measurement of infarct size. Risk area was demarcated by Evans blue, and infarct size was measured with the use of tetrazolium-stained sections (7) . The area for each region was determined by digital planimetry with computer morphometry by use of Bioquant imaging software. Infarct size was expressed both as a percentage of the total left ventricle (LV) and as a percentage of the ischemic risk area.
Measurement of hemodynamics. Hemodynamic parameters such as systolic, diastolic, and mean arterial pressures and rate-pressure product (the product of the heart rate and peak arterial pressure) were continuously measured throughout the duration of the experimental protocol by use of a strip-chart recorder.
Epicardial APD. The activity of the ventricular K ATP channel during ischemia was assessed with a hand-held placement electrode (MAP electrode; EP Technologies, Sunnyvale, CA) and recorded at a chart speed of 100 mm/s (7, 8) . The electrode was placed with a constant pressure to the perceived center of the ischemic zone. Signals were amplified with direct-current-coupled differential amplifies at a frequency range of 0.04-500 Hz. The APD at 50 and 90% repolarization (APD 50 and APD 90 , respectively) was determined during preischemia and after every 10 min of LAD occlusion. The APD was accepted only if it fulfilled the following criteria: 1) constant configuration and stable resting membrane potential and 2) stable amplitude of phase 2 Ͼ 10 mV during control recording.
Measurement of HSP72. The expression of HSP72 in the LV was measured by Western blotting as described previously (18) with the use of a mouse monoclonal antibody cross-reacting to the 70-kDa HSP (HSP70; Stressgen Biotechnologies-Canada). The second antibody was horseradish peroxide-conjugated rabbit anti-mouse IgG.
Statistics. All measurements of infarct size, risk areas, and APDs are expressed as group means Ϯ SE. Changes in hemodynamics, APD, and infarct size variables were analyzed by a one-way repeated-measure ANOVA to determine the effect of time, group, and time-by-group interaction. If the global tests showed major interactions, post hoc contrasts between different time points within the same group or between different groups were performed by use of a t-test. Statistical differences with P value Ͻ 0.05 were considered significant.
RESULTS
A total of 75 rabbits were used in this study. A summary of the number of animals in each group and the reasons for exclusion is described in Table 1 .
APD. Figure 2 shows changes in APD 50 ( Fig. 2A ) and APD 90 (Fig. 2B) during ischemia in the six experimental groups. There was significant shortening of APD 50 (expressed as %preischemic baseline) after 10, 20, and 30 min of ischemia in the control, sham, PC, and Veh-PC groups. Experimental groups treated with genistein, i.e., PC (Ge-PC) or sham (Ge-sham) groups, demonstrated significant suppression of APD 50 shortening compared with the untreated groups, i.e., control, sham, and PC groups ( Fig. 2A) . No significant difference in the APD shortening was observed among the control, sham, PC, and Veh-PC groups. Baseline APD values were also not significantly different among the six groups (not shown). A similar trend in the mean percent changes in APD 90 was observed (Fig. 2B) .
Expression of HSP72. An increase in the synthesis of HSP72 was observed 24 h after PC compared with sham animals subjected only to the surgery protocol. Genistein-pretreated rabbits demonstrated decreased expression of HSP72 (Fig. 3) . Positive controls from the myocardial samples derived from heat-shocked rabbits also showed enhanced expression of HSP72 similar to the PC hearts.
Infarct size. No significant difference in the risk areas was observed between the experimental groups (Fig. 4A) . PC resulted in a marked decrease in the infarct size (expressed as %risk area) from 40.0 Ϯ 3.8 in the sham group to 11.6 Ϯ 1.0% in the PC group, a 71% reduction (mean Ϯ SE, P Ͻ 0.05; Fig. 4C ). The infarct size increased significantly to 46.4 Ϯ 4.1% in the Ge-PC rabbits (P Ͻ 0.05). Infarct size in Veh-PC rabbits was 19.3 Ϯ 2.2%, which was not significantly different compared with the nontreated PC hearts, i.e., 11.6 Ϯ 1.0% (P Ͼ 0.05). Furthermore, Ge-sham animals had an infarct size of 41.7 Ϯ 2.3%, which was not different compared with the control (40 Ϯ 3.8%) or sham (46.0 Ϯ 2.0%). A similar trend in the changes in infarct size was observed when expressed as percentage of LV (Fig. 4B) .
Hemodynamics. Heart rate, mean arterial blood pressure, and rate-pressure product are shown in Table 2. Except for the indicated differences, these parameters were comparable among the six groups at baseline and during occlusion and the reperfusion period. All groups had a similar decline in blood pressure after coronary occlusion, with no tendency toward recovery during the reperfusion period.
DISCUSSION
Recent studies have shown that the opening of the K ATP channel plays an important role in late PC induced by sublethal ischemia (7), heat stress (18, 43) , pharmacological agents such as adenosine agonist, 2-chloro-N 6 -cyclo-pentyladenosine (8), opioids (5, 14) , and monophosphoryl lipid A (20) . The activation of this channel is at least partially responsible for the increase in outward K ϩ currents, shortening of APD, and increase of extracellular K ϩ concentration during an anoxic or globally ischemic condition (6). Our results show that ischemia-induced shortening of epicardial APD (the indicator of surface K ATP channel opening) was significantly blocked in the animals pretreated with genistein. Furthermore, this drug blocked PCinduced reduction in infarct size without exerting significant effect on infarct size in the control or sham animals. The enhanced expression of HSP72 after 24 h of PC was diminished in the animals pretreated with genistein. No major difference in the heart rate, mean arterial pressure, and rate-pressure product was observed among the six groups during the infarction protocol, suggesting that the changes in myocardial infarcts were independent of the systemic hemodynamics. Taken together, our data suggest that the TK signaling pathway regulates the opening of the K ATP channel and synthesis of HSP72 during late PC in the rabbit heart. TK signaling has been suggested to be an important mediator of acute and late PC (12, 19, 32) . Utilizing genistein, the blocker of receptor TK, Maulik et al. (31) first demonstrated the importance of a TK-phospholipase D signaling pathway in classical PC of the isolated rat heart. Recently, Dawn et al. (12) suggested that TK signaling plays a dual role in the pathophysiology of late PC against myocardial stunning, i.e., it was essential not only for the initiation of this phenom- enon on day 1 but also for the manifestation of cardioprotection on day 2. The mechanism(s) by which TK signaling may have influenced the development of late PC is not well understood. Our results show that genistein suppressed the APD shortening during ischemia, suggesting that inhibition of tyrosine phosphorylation interfered with the opening of the K ATP channel. Protein phosphorylation on serine and threonine residues modulates the activity of a variety of ion channels and consequently alters the excitability of many central neurons (21, 26) . Protein phosphorylation at tyrosine residues has been found to acutely modulate neurotransmitter receptors (50) and ion channels (49), including Na ϩ channels (42), Ca 2ϩ channels (1), and cyclic nucleotide-gated (34) and voltage gated cationic channels (52) as well as K ϩ channels. Genistein is an inhibitor for TK but scarcely inhibits the activity of serine and threonine kinases and other ATP analogrelated enzymes. Recently, Okajima et al. (39) reported that genistein had a competitive antagonistic activity for A 1 adenosine receptors in thyroid cells. However, it is unlikely that genistein blocked late PC by A 1 adenosine receptors or with another pathway. Recently, Fryer et al. (15) suggested that the anticardioprotective effects of genistein in the in vivo rat model of PC were due to the inhibition of TK rather than inhibition of voltage-gated Na ϩ channels, A 1 adenoside receptors, or PKC.
It has recently been shown that p38 mitogen-activated protein kinase (MAPK) and MAPK-activated protein kinase (MAPKAPK)-2 are strongly activated by ischemia in the perfused rat heart (10, 32) . PC also induces a PKC-mediated rapid activation of p44/p42 MAPK in the cytosol that subsequently translocates to the nucleus, suggesting that MAPKs may play a role in myocardial adaptation to ischemic stress (44) . Anisomycin, which activates MAPK kinases and hence the p38 MAPK and c-Jun NH 2 -terminal kinase (JNK) pathways, mimics PC in isolated rabbit hearts and Note that myocardial samples from rabbits subjected to heat stress at 42°C were used as a positive control, and standard HSP72 was used as a marker.
myocytes (2, 3) . This protection was blocked by 5-hydroxydecanote (5-HD), suggesting that the downstream effector of MAPK signaling is the opening of the mitochondrial K ATP channel. Our data suggest a direct link between the activation of TK signaling by PC, leading to the shortening of APD. Recent studies suggest that cardioprotection due to opening of the K ATP channel is independent of APD shortening. There was a lack of correlation between the APD shortening and cardioprotection with bimakalim and cromakalim, the openers of the K ATP channel (17, 53). Garlid et al. (16) proposed that mitochondrial K ATP channels could be (28, 48) and in vivo (38, 51) . The cardioprotective effect of diazoxide was blocked by selective blockade of the mitochondrial K ATP channel by 5-HD. The mechanism by which TK signaling triggers the opening of the K ATP channel is not clear, although several possibilities exist. For example, Maulik et al. (31) suggested that ischemic PC caused an activation of nuclear factor (NF)-B that was dependent on p38 MAPK signaling. This may result in the stimulation of NF-B-specific DNA protein binding, initiating the expression of inducible nitric oxide synthase (11) and, finally, the release of nitric oxide and potentially the opening of the K ATP channel (47) .
In the present investigation, we also observed reduced expression of HSP72 after 24 h of PC in the genistein-treated rabbits. The synthesis of HSPs involves activation of heat shock transcription factor (HSF)-1 after treatment of mammalian cells with stresses such as heat shock, heavy metals, or ethanol (27, 35) . It has been shown that HSF-1 can be phosphorylated by the MAPK extracellular signal-regulated kinase (ERK)1. Also, HSF-1 can be phosphorylated in a ras-dependent manner by other members of the MAPK family such as JNKs and p38 protein kinases and possibly others (23) . It is well known that substrates for MAPKs/JNKs include the transcription factors c-Jun, activating transcription factor (ATF)-2, and Elk-1. Phosphorylation of these transcription factors in their trans-activation domains leads to an increase in their ability to trans-activate transcription. p38-MAPKs also phosphorylate transcription factors (9) and activate MAPKAPK-2 and -3, which, in turn, phosphorylate the small HSPs (Hsp25/27) (22) . The decreased expression of HSP72 in the genistein-pretreated PC hearts suggests a possible role of tyrosine phosphorylation in the synthesis of this protein as well. However, in the present study, we did not identify the exact signaling cascade that connects initiation of receptor tyrosine signaling, leading to the opening of the K ATP channel and synthesis of HSP72. Future investigations using selective blockers of MAPK(s) would help in identifying the specific kinase(s) involved in the opening of the K ATP channel or synthesis of HSP72 after PC.
The relationship of HSP72 synthesis and opening of the K ATP channel in the development of late PC is not clear from these studies. HSP70 is the main chaperone molecule of all eukaryotic cells and plays a major role in facilitating the folding of newly synthesized proteins (27, 35) . In the myocardium, heat-shock induced reduction in myocardial infarct size after I/R was associated with the activation of HSP accumulation as well as activation of the K ATP channel in vivo (18, 43) . Sadd and Hahn (46) observed the activation of voltage-dependent K ϩ channels after heating in a radiationinduced fibrosarcoma cell line; these currents were blocked by tetraethylammonium cations as well as modification of extracellular K ϩ currents. Negulyaev et al. (37) demonstrated that exogenous HSP70 resulted in an activation of outward currents through a K ϩ -selective channel. Therefore, a possible role of HSP72 accumulation during late PC in the opening of the K ATP channel during PC cannot be ruled out.
In summary, our results show that genistein blocks the delayed protective effect of late ischemic PC, as demonstrated by significantly increased infarct size. Shortening of the APD and synthesis of HSP72 were also blocked by genistein, suggesting that tyrosine phosphorylation may be involved in these processes. However, one must recognize that measurement of epicardial monophasic action potentials is a relatively crude technique for measuring changes in APD, especially in the critical areas of the ischemic myocardium. Therefore, additional detailed studies using patchclamp as well as intracellular recording techniques will be required to further substantiate these results.
